INTRODUCTION
Escherichia coli RNA bacteriophages comprise a family of small particles that contain a 3.4-4.3 kb positive, single-stranded RNA, a maturation protein and 180 copies of the coat protein. The RNA located inside the coliphage particle is the bacteriophage genome, which encodes the maturation, coat, replicase and lysis proteins. Members of this bacteriophage family can produce several thousand phages from a single infection cycle.
The expression of the coat protein serves at least three functions important for temporal phage gene regulation. First, translation of the coat protein indirectly activates translation of the other phage proteins during the early phase of infection. Following uncoating of the RNA genome from the phage particle, only the coat protein gene ribosome binding site is accessible for translation whereas the replicase, maturation and lysis protein gene sites are inaccessible due to competing RNA structures (1) (2) (3) (4) (5) . Ribosome transit across the coat open reading frame disrupts the competing RNA structures that conceal the other ribosome binding sites and allows ribosomes access to these open reading frames (1) . Second, the coat protein negatively regulates translation of the replicase protein midway through the infection cycle. It affects replicase translation by binding as a dimeric species to its RNA operator that is comprised of a 19 nt hairpin containing the replicase ribosome binding site (6, 7) . Coat protein binding at this site reduces the efficiency of translational initiation at the replicase open reading frame by preventing ribosome access (8) (9) (10) (11) (12) . Finally, the coat protein packages the RNA genome into the capsid late in the infection cycle by binding to the RNA operator of the replicase protein and terminating all ongoing phage protein translation and genome replication. Phage assembly is completed by a cooperative association of RNA with 90 coat protein dimers (13) (14) (15) .
The capacity of the R17/MS2 coat protein to self-multimerize and its ability to specifically bind to its RNA operator are critical to its role in the phage infection cycle. Amino acid residues important for multimerization have been identified through the isolation of mutants that are defective in capsid assembly but still possess wild-type RNA-binding activity (16, 17) . The amino acid residues that specify RNA-binding properties of the R17/MS2 coat protein have also been determined with mutants that are defective in RNA operator-binding activity but retain normal capsid assembly functions (18, 19) . The coat protein coding sequences have been determined for several representatives from each the four major sub-groups of the coliphages. One sequence alignment of these coat proteins reveals 18 identical amino acid *To whom correspondence should be addressed. (15) . These conserved amino acids serve important functions for protein-protein contacts (16, 17, 20) or perform RNA-binding functions (18) , and the role of many conserved residues remains elusive. The presence of an alanine at the N-terminus in the mature protein represents one conserved feature in coat protein structure (15) . The coat protein is post-translationally processed to remove the formyl-methionine residue (21) , yet it remains unclear whether this modification is critical to coat protein structure or whether alanine fulfills a specific role in coat protein function.
A number of R17/MS2 coat gene mutants that encode proteins with super-repressor activity have been identified (17, 18) . Many of these proteins possess substitutions that affect protein-protein interactions that form within the capsid structure, and these changes lie within the interconnecting loops that link together the β-ribbons of the RNA-binding surface (17) . We have recently identified several R17 coat gene mutants with novel RNA-binding activity using the RNA challenge phage system. This system allows for direct selection of a specific RNA-protein interaction using a derivative of bacteriophage P22 as a new genetic tool in the bacterial host Salmonella typhimurium (22) . We now report the isolation and characterization of two classes of coat protein mutants that display defects in capsid assembly and altered RNA-binding activities.
MATERIALS AND METHODS

Bacterial strains, bacteriophages and plasmids
The bacterial strains, bacteriophages and plasmids used in this study are described elsewhere (22, 23) . The phage P22 R17 [A(-10)C] encodes an O c RNA site in the 5′-end of the ant gene. This phage was constructed by homologous recombination in S.typhimurium strain MS1883 between P22 [mnt::Kn9 arc(Am)] and a pMMW21 plasmid derivative that carries the operator site mutation (22) . The plasmid pR17coat(+)-1.13 contains the coat gene sandwiched between an XbaI site (5′) and a HindIII site (3′). It was derived from pR17coat(+) by removing extraneous XbaI and HindIII restriction endonuclease sites located within a polylinker region 5′ to the coat coding sequence using standard recombinant DNA methods (23) .
DNA sequence analysis
Plasmid preparations and bacterial transformation were carried out by standard procedures (23) . DNA sequences were determined by the dideoxynucleotide chain termination method using the Sequenase 2.0 kit (United States Biochemicals, Inc.).
Mutagenesis of the R17 coat protein
Random mutations were introduced into the R17 coat protein gene using either UV-induced mutagenesis or error-prone DNA amplification methods. The plasmid pR17coat(+)∆S was subjected to UV light treatment as described previously (22) . The irradiated DNA was electroporated into JG1192 and electroporated cells were cultured separately to generate independent library pools of mutagenized coat genes.
The error-prone DNA amplification procedure was performed on pR17coat(+)-1.13 as a DNA template using the following DNA primers (Operon, Inc.):
5′CP-PCR: 5′-GCTCTCTAGATAGAGCCCTCAAC-3′ and 3′CP-PCR: 5′-CGCCAAGCTTCGAGCTCGCCCGGCGTC-3′. The mutagenesis cocktail contained 20 fmol DNA template, 30 pmol (each) of primers, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 7 mM MgCl 2 , 0.5 mM MnCl 2 , 0.01% gelatin, 5 U Taq DNA polymerase, 0.2 mM dGTP, 0.2 mM dATP, 1.0 mM dCTP and 1.0 mM dTTP in a 100 µl reaction volume (24) . The PCR was performed in a MJ Research thermal cycler programmed for 30 cycles at 94_C for 1 min, 45_C for 1 min and 72_C for 1 min. Following a final extension reaction at 72_C for 10 min, the PCR products were extracted with chloroform/isoamyl alcohol and precipitated with ethanol. The products were digested with XbaI and HindIII restriction endonucleases and re-ligated into XbaI-HindIII restricted pR17coat(+)-1.13 plasmid. Ligation mixtures that were prepared from different error-prone PCR mixtures were propagated initially in DH5α cells to prepare plasmid libraries of randomized genes. The plasmid libraries generated with both mutagenesis procedures were transformed into MS1868 cells.
Genetic selection of R17 coat mutants with altered RNA binding activities
MS1868 cultures containing the mutagenized plasmid libraries were grown at 37_C until the OD 600 reached ∼0.6 and induced with isopropyl-β-D-thiogalactopyranoside (IPTG) at a concentration of 1 mM for 1 h. These cultures were then inoculated with P22 R17 [A(-10)U] at a multiplicity of infection (M.O.I.) of ∼25. The infected bacteria were plated on media plates supplemented with ampicillin (50 µg/ml), kanamycin (50 µg/ml) and IPTG (1 mM). After 24-48 h at 37_C, the lysogens were picked and restreaked on media plates supplemented with ampicillin, kanamycin and IPTG. Plasmids that were obtained from colony cultures were re-introduced into fresh MS1868 cells and the challenge phage assays were repeated with P22 R17 [A(-10)U] to confirm the suppressor activity of the plasmid-encoded coat gene product.
Preparation of immunological reagents
Large scale purification of bacteriophage R17. The phage was propagated and purified using modifications of procedures originally described by Gesteland and Boedtker (25) . The RNA was removed from the phage particle using previously described procedures (10) . The purity of the phage coat protein was assessed by visual inspection on SDS-acrylamide gels stained with coomassie blue. The identity of the 14 kDa protein was determined to be the R17 coat protein by immunoblot analysis using a rabbit anti-R17 coat antiserum (kindly provided by P.G.Stockley) and by N-terminal sequence analysis.
Generation and purification of anti-R17 coat protein polyclonal serum and IgG. Anti-R17 coat protein polyclonal serum was generated in the Immunological Resource Center of the University of Illinois using a New Zealand White rabbit that had been injected subcutaneously with purified R17 coat protein (2 mg/ml) mixed with standard adjuvant. The presence of anti-R17 coat protein antibodies in the serum was confirmed with an enzymelinked immunoadsorbent assay. The IgG was purified from an enriched, delipidfied γ-globulin fraction of the serum using Protein A-Sepharose 4B resin as described (26) .
Construction of an affinity column for R17 coat protein purification.
The affinity-purified anti-R17 coat protein IgG (5 mg) was incubated with CNBr-activated Sepharose 4B resin (Pharmacia) [0.5 g pre-equilibrated in coupling buffer (0.1 M NaHCO 3 pH 7.5 and 0.5 M NaCl)] at room temperature for 2 h. The uncoupled antibodies were removed by washing with 5 column vol of coupling buffer. The coupling efficiency of the IgG to the resin was spectrophotometrically estimated to be 80-90%. The unreacted sites on the resin were blocked by treatment of the resin with 20 column vol of 1 M ethanolamine (pH 9.5) at 4_C for 18 h. The resin was then washed sequentially with 20 column vol each of the following buffers: coupling buffer; 0.23 M glycine (pH 2.3); coupling buffer; and 0.05 M NaH 2 PO 4 (pH 8.0). The IgG-coupled resin was stored at 4_C in storage buffer (0.05 M NaH 2 PO 4 , pH 7.5 and 0.01% sodium azide).
SDS-polyacrylamide gel electrophoresis and immunoblot analysis
The SDS-polyacrylamide gel electrophoresis experiments (SDS-PAGE) were carried out as described (26) . The gels were fixed and stained with either silver nitrate (26) or FastStain (Zoion, Inc.) according to the manufacturer's instructions. Immunoblots were prepared by electrophoretic transfer of proteins from SDS-PAGE gels onto Immobilon PVDF membranes (Millipore Corp.). Membrane-bound coat proteins were detected with a rabbit anti-R17 coat protein polyclonal antiserum and visualized using a horseradish peroxidase linked goat anti-rabbit IgG (Zymed Laboratories, Inc.) with either an ECL Western detection kit (Amersham, Inc.) or the 3,3′-diaminobenzidine/H 2 O 2 /NiCl 2 detection system (26) .
In vivo phage capsid formation assay MS1868 cultures (3 ml) that express a given coat protein were grown at 37_C to an OD 600 of ∼0.6, and the coat protein expression was induced by adding IPTG to a final concentration of 1 mM for 1 h. The cells were harvested by centrifugation at 12 000 g at 4_C for 3 min. Each cell pellet was resuspended in 0.3 ml of NGE buffer (0.05 M NaH 2 PO 4 pH 7.0 and 0.001 M MgCl 2 ) and sonicated on ice. The cell lysates were clarified by centrifugation at 12 000 g for 10 min at 4_C. An aliquot of each lysate was adjusted to contain 1× loading buffer (5% glycerol, 0.04% xylene cyanol and 0.04% bromophenol blue) and subjected to electrophoresis (0.8 V/cm) in 0.9% agarose gels with circulating NGE buffer at room temperature until the bromophenol blue migrated ∼7 cm. The proteins were then transferred to a nitrocellulose membrane (MSI) by capillary blotting using NGE buffer before immunoblot analysis.
Purification and N-terminal sequencing of R17 coat proteins
MS1868/pR17coat(+) cultures were grown at 37_C to an OD 600 of ∼0.6, and coat protein expression was induced by adding IPTG to a final concentration of 1 mM for 1 h. The cells were harvested by centrifugation at 5000 g at 4_C for 10 min. The cell pellet was resuspended in 3 vol of ice-cold lysis buffer A (0.02 M Tris-HCl pH 7.4, 0.001 M EDTA and 0.02 M NaCl) and incubated on ice for 30 min after the addition of lysozyme to a final concentration of 1 mg/ml. The suspension was sonicated on ice, and the cell lysate was clarified by centrifugation at 10 000 g for 20 min at 4_C. The supernatant fraction was adjusted with urea to a final concentration of 6 M, and the denatured proteins were then separated on a Centricon-30 concentrator (Amicon, Inc.). The filtrate containing the denatured coat protein monomers was then dialyzed against 0.01 M HEPES (pH 7.0) to remove the urea and allow for refolding and reassembly of phage capsids. The capsids were resolved from smaller molecular weight products using a Centricon-100 concentrator. The concentrated solution contained highly enriched coat protein (>80%), as assessed by SDS-PAGE.
The coat protein mutants could not be enriched to adequate yields using the differential diafiltration procedure described for the purification of the wild-type coat protein. These proteins were purified using one of the following approaches.
Affinity chromatography using soluble crude lysates. The coat protein mutants encoding Ala1-Val, Ala1-Asp, Ser2-Phe and Asn55-Lys were purified from the soluble fraction of crude lysates using a rabbit anti-R17 coat protein IgG-Sepharose 4B resin. Cell lysates were loaded onto separate columns (1.0 cm diameter) that contained 0.5 ml of the IgG-coupled Sepharose 4B resin. The columns were washed with 0.05 M sodium phosphate (pH 7.5) until the OD 280 of the eluant reached baseline. The protein was eluted from the resin with 0.2 M glycine-HCl (pH 2.3). Fractions (0.75 ml) were collected in tubes containing 0.25 ml neutralizing buffer (0.5 M NaH 2 PO 4 , pH 7.2). The fractions that contained the coat protein were pooled, dialyzed against storage buffer (0.05 M NaH 2 PO 4 , pH 7.5, and 0.15 M NaCl) at 4_C for 12 h, and stored at 4_C.
Size exclusion chromatography using inclusion body lysates. The wild-type coat protein and the mutants Ala1-Thr and Ser2-Ile were enriched using size exclusion chromatography of partiallypurified fractions that were prepared from inclusion body lysates. Inclusion bodies were harvested by centrifugation at 7600 g at 4_C for 10 min immediately following cell lysis in lysis buffer A by multiple freeze-thaw cycles and sonication. The pellet was resuspended in lysis buffer B (0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 0.025 M Tris-HCl, pH 7.5, and 0.15 M NaCl) and sonicated. The inclusion bodies were reharvested and this solubilization procedure was repeated until the pellet was completely white. The inclusion body pellet was resuspended in water (2 ml) and an equal volume of glacial acetic acid was added to solubilize the proteins. This material was diluted 20-fold in 50% acetic acid to enhance solubility. Five milliliters of diluted material was applied directly to a 45 ml column (1.5 cm diameter) of Sephadex G-75 equilibrated with E buffer (0.1 M NaCl and 0.1 M acetic acid). The protein was eluted with E buffer and the fractions were assayed for R17 coat protein and assessed for purity by SDS-PAGE followed by silver staining and immunoblotting.
The enriched R17 coat proteins were subjected to preparative SDS-PAGE and the proteins were transferred from the preparative gels to PVDF membranes by electrophoresis. Membranes were stained with Coomassie Blue to visualize the location of the coat protein. The band that corresponded to the coat protein was excised from each membrane and subjected to N-terminal peptide microsequence analysis using an Applied Biosystems 477A sequencer at the Genetic Engineering Center of the University of Illinois. The same N-terminal sequence was obtained in high yield (>95%) for the wild-type coat protein independent of whether the protein was purified from a soluble fraction of a crude lysate or an inclusion body preparation; therefore, the method of coat protein purification did not affect the quality of its N-terminal sequence information. Strategy for selecting R17 coat proteins that recognize a mutated R17/MS2 RNA operator site. The wild-type R17/MS2 coat gene is subjected to mutagenesis. Salmonella typhimurium strain MS1868 is transformed with a pool of randomized coat genes. The entire population of transformed recipient cells is then infected with a P22 R17 phage derivative that encodes an O c RNA site. Recipient cells that encode suppressor RNA-binding activities that bind to the O c RNA site of the infecting phage will form a kanamycin-resistant lysogen whereas recipient cells that express either the wild-type open reading frame or another non-suppressor coat protein mutation will die following lytic infection.
RNA challenge phage assays
The bacteriophage P22 R17 and the P22 R17 [O c ] derivatives were used for infecting MS1868 strains that encode either a wild-type or mutated version of the R17 coat gene. The recipient strains were grown until the culture density was ∼5 × 10 8 cells/ml. The cells were diluted 1:4 into LB-ampicillin medium or LB-ampicillin medium supplemented with IPTG at the following final concentrations: 0.001, 0.1 and 1 mM and incubated at 37_C for 1 h. The cultures were infected with the challenge phage at an M.O.I. of 20-25. The number of lysogens that formed was determined by plating an appropriate serial dilution of infected cells on LB plates containing ampicillin, kanamycin and supplemented with IPTG at the same concentration used in the previous induction. Viable cell counts were determined in a similar fashion by plating uninfected cells on LB agar plates supplemented with ampicillin and IPTG. The frequency of lysogenization (expressed as % lysogeny at a given IPTG concentration) was calculated as the number of colonies obtained on the LB plates containing ampicillin and kanamycin divided by the number of viable colonies obtained on the LB plates containing ampicillin, multiplied by 100.
RESULTS
Isolation of R17 coat protein mutants that repress P22 R17 [A(-10)U]
We have devised a novel genetic strategy to select for coat protein mutants that retain their intrinsic biological activity as translational repressors. This system is based upon the ability of R17/MS2 coat protein to direct lysogen formation of a modified P22 bacteriophage that carries the wild-type R17/MS2 RNA operator site adjacent to the P22 ant open reading frame (P22 R17 ). The Ant protein participates in determining the developmental fate of the P22 phage by inactivating the functions of the P22 c2 repressor protein. The intracellular concentration of c2 protein determines whether an infecting phage forms a lysogen or grows lytically. The infecting phage can establish and maintain lysogeny if the R17/MS2 coat protein inhibits translation of the ant mRNA (22) . Mnt and Arc, the two other transcriptional repressor proteins that regulate ant expression, are inactivated by mutations in this system and do not affect the lysis-lysogeny decision.
We Figure 1 .
The crystallographic structure of the coat protein bound to its RNA operator reveals that several amino acids establish specific contacts with the adenosine located at position -4 in the hairpin loop and the bulged adenosine at position -10 relative to the coliphage replicase initiation codon (27) . We set out to identify coat protein mutants that repress P22 R17 [O c 
Substitution of N-terminal codons of the coat protein increases its expression
Transcription of the coat protein genes described herein is controlled by lac operon promoter elements. The plasmids encode a lacI q gene so that coat protein expression can be regulated in S.typhimurium cells by IPTG. The lysogen frequency obtained following P22 R17 phage infection of recipient cells that contain pR17coat(+) is ∼20-30% in the absence of IPTG (22) . This lysogen frequency does not increase with IPTG administration to 1 mM levels, despite a 15-fold increase in the levels of coat protein following induction of coat gene expression (Fig. 2a) . We infer from these studies that basal expression of the wild-type coat protein from pR17coat(+) in recipient cells is sufficient to direct maximal lysogen formation for the P22 R17 phage and increased amounts of coat protein do not yield a greater concentration of functional coat protein dimers as translational repressors, presumably because capsid assembly is favored under these conditions. Coat protein does not direct efficient lysogen formation for P22 R17 in recipient cells that contain pR17coat(+)∆S without IPTG treatment; however, these recipient cells efficiently form lysogens following a comparable induction of coat expression using IPTG (22; data not shown). The genetic difference between these two plasmids is that an untranslated leader sequence which serves as a translational enhancer for coat protein expression from pR17coat(+) is deleted from pR17coat(+)∆S (22, 28, 29) ; consequently, the constitutive expression of the coat protein is reduced from the latter plasmid template. Many of the suppressor coat gene clones that were obtained from mutagenesis pools generated from pR17coat(+)∆S encode N-terminal substitutions. These substitutions alter the RNA secondary structure of the coat mRNA (Fig. 2b) and therefore, the levels of coat protein from these mutated templates may increase during translation. Immunoblots were done to analyze the levels of coat protein expressed in vivo from the bacterial strains encoding the mutants. Four coat genes that encode N-terminal substitutions had elevated coat protein expression relative to the parental plasmid pR17coat(+)∆S from which these coat gene mutants were derived (Fig. 2c) . The expression level of coat protein from these templates is comparable to that produced from pR17coat(+).
Many mutant coat proteins do not form wild-type capsid structures in vivo
The crystallographic structure of the identical coat protein from bacteriophage MS2 has been solved and refined (30, 31) . Superposition of our collection of substitutions onto the defined capsid structure revealed that the substitutions lie at the interface where several dimers interact, not in the β-sheet that encodes the RNA-binding site for the protein (27) . We used an electrophoretic assay to analyze the integrity of capsids formed in vivo from cells that expressed either the wild-type coat protein or the coat protein mutants. The basis for distinguishing native-like capsids from capsid-defective structures by this assay lies in the different electrophoretic properties that each structure displays under neutral buffer conditions (19) . Wild-type capsids rapidly migrate in the gel toward the anode due to the net negative charge associated with the outer surface of the capsid. Many capsid-defective structures possess lower overall negative charge because the inner surface of the capsid structure is also exposed and these structures migrate more slowly in the gel relative to wild-type capsids (16, 17, 19, 32) . The coat protein mutants with substitutions at the N-terminus form structures that migrate aberrantly in the gel as compared to capsids formed with either the wild-type coat protein or a mutant that carries an Asn55-Lys substitution (Fig. 3) . Coat proteins that encode different N-terminal substitutions differ in their electrophoretic mobilities, presumably owing to different charge content or capsid defective properties. The coat protein mutant Ala1-Val forms a capsid structure whose electrophoretic properties are indistinguishable from the wild-type coat protein; however, a majority of the capsid species formed by this protein mutant display anomalous electrophoretic properties (Fig. 3 ).
Substitutions at position 1 affect the cleavage of the formylmethionine from the coat protein
The f-Met is post-translationally removed from the R17/MS2 coat protein precursor to yield the mature protein in E.coli (21) . We determined the N-terminal sequence for wild-type coat protein that was expressed from pR17coat(+) in MS1868 to explore whether a similar N-terminal processing activity occurs for the coat protein in S.typhimurium. The N-terminal sequence derived from the isolated protein confirmed that the coat protein is fully processed in this organism (Table 1 ). Three coat protein mutants described in this study have substitutions at the first position of the mature protein (Fig. 2b) . The protein mutants were purified and their N-terminal sequences were determined to assess the impact that these mutations have on N-terminal processing of the protein. The aspartic acid substitution almost completely blocked the cleavage of N-terminal methionine whereas valine or threonine substitutions only partially blocked this cleavage (Table 1 ). The mutants Ser2-Ile, Ser2-Phe and Asn55-Lys were also purified and subjected to N-terminal sequence analysis to examine whether substitutions at positions other than position 1 in the mature protein affect f-Met processing. Processing of the f-Met terminus occurs normally for the other mutants in contrast to the effects observed with coat proteins carrying position 1 substitutions. The identity of the amino acid following the initiator methionine is critical for efficient posttranslational N-terminal processing of the wild-type coat protein.
In vivo RNA-binding activities of R17 coat protein mutants
We carried out challenge phage assays with P22 phages that encode different mutations in the R17 binding site to ascertain the recognition specificities of each R17 coat protein mutant. The modified P22 phages used in these experiments undergo lytic development following infection of susceptible host cells at high multiplicities of infection. Lytic development is favored when the Ant protein blocks the function of the primary repressor protein c2. Cells that express a coat protein which is a translational repressor of Ant biosynthesis will survive challenge to infection by P22 phages when they carry a suitable RNA operator site and lysogens form. Our collection of mutants did not direct lysogen formation for P22 R17 [A(-4)G] or other phages carrying mutations elsewhere in the RNA operator site ( Table 2 ). The mutants directed lysogen formation for P22 R17 and P22 R17 [A(-10)U], demonstrating that these coat protein mutants have expanded RNA-binding activities in vivo. Recipient strains that express the coat genes were induced at different concentrations of IPTG before challenge with phage infection to quantitate the RNA-binding interactions of the mutant proteins with the wild-type and variant RNA operator sites in vivo. P22 R17 [A(-10)U] was repressed by all the coat protein mutants (Fig. 4a and b) . Infection of the cells that express the coat protein mutants Ala1-Thr, Ala1-Asp, Ser2-Ile, Ser2-Phe, Asn55-Lys or Thr69-Ala with P22 R17 [A(-10)U] at an IPTG concentration of 1 mM yielded lysogens at frequencies ranging from 0.5 to ∼30%. The Ala1-Val mutant gave rise to lysogens at a frequency of ∼5 × 10 -3 % under the same conditions. The Trp82-Arg mutant was unique in that it reached full repression for P22 R17 [A(-10)U] at an IPTG concentration of 0.1 mM and lysogens were not detected at an IPTG concentration of 1 mM. Presumably the Trp82-Arg mutant is toxic because there is a decrease in the numbers of viable recipient cells that express the mutant following IPTG treatment without challenge to phage infection.
The ability of mutant coat proteins to repress P22 R17 was also evaluated (Fig. 4c and d) . The repression of P22 R17 by the mutants reached their full extent at an IPTG concentration of 0.1 mM, whereas the wild-type coat protein was maximally expressed from pR17coat(+)∆S at an IPTG concentration of 1 mM. The lysogeny frequency versus [IPTG] plots that describes the in vivo behavior of the coat protein mutants are similar to the plot generated for a recipient strain that carries pR17coat(+) following challenge with P22 R17 (22) .
The RNA operator site A(-10)C has a reduced affinity for coat protein (7) . The phage P22 R17 [A(-10)C] was constructed and tested in challenge phage assays to determine whether the repression characteristics of the coat protein mutants are limited to P22 R17 and P22 R17 [A(-10)U]. The wild type coat protein cannot repress this phage (Table 2 and Fig. 4e and f) , which is consistent with the in vitro data (7) . The coat gene mutants that suppress the P22 R17 [A(-10)U] phage lytic growth were different in their ability to direct lysogen formation of the P22 R17 [A(-10)C] phage (Table 2 and Fig. 4) . Recipient cells that express the coat protein mutants Ser2-Ile, Thr69-Ala, Trp82-Arg and Asn55-Lys at an IPTG concentration of 1 mM formed lysogens at frequencies ranging from 0.5 to 13% following P22 R17 [A(-10)C] infection (Fig. 4e and f) . Recipient cells that express the mutant Trp82-Arg at an IPTG concentration of 1 mM formed lysogens at a higher frequency following infection of the P22 R17 [A(-10)C] phage compared with the P22 R17 [A(-10)U] phage (Table 2 and Fig. 4b and f) . There may be different levels of Ant protein expression that result from the translation of mRNA transcripts encoding the two different ribosome-binding sites and the interaction of the coat protein mutant with each operator site. The strains expressing coat protein mutants Ala1-Asp and Ser2-Phe only yielded lysogens at a frequency of 3 × 10 -3 and 2 × 10 -3 %, respectively following infection with P22 R17 [A(-10)C] ( Table 2 Characterization of the coat protein mutants revealed two distinct groups of coat proteins. The first group of mutants comprises those that can form capsids and retain expanded RNA-binding properties. We characterized a coat gene that encoded an Asn55-Lys substitution as one example of this type of coat protein mutant and one that was previously identified to possess super-repressor activity to a different O c RNA site (18) . The second group of identified coat protein mutants formed capsid-defective structures in the capsid assay. The intracellular concentration of the coat protein dimers may increase dramatically for cells that express the capsid defective mutants, since 90 copies of coat protein dimers exist in each capsid. These mutant proteins can complement the reduction in RNAbinding affinity caused by the A(-10)U mutation in the RNA operator site. The coat protein mutant that encodes the Trp82-Arg substitution was also isolated as a super-repressor of a different O c RNA sequence [equivalent to U(-5)A/U(-6)A mutations] using a two-plasmid system with lacZ as the reporter gene (17) . This finding further supports the model that the suppression by this mutant acts through a non-specific mechanism.
There were two classes of coat proteins with altered capsid assembly properties identified. These classes can be distinguished based upon the manner in which they influence interactions within the capsid structure. Coat protein dimers serve as building blocks for the capsid (30, 31) . The assembly of the icosahedral capsid involves extensive protein-protein interactions between dimers on three symmetry axes for the capsid, two 3-fold axes and one 5-fold axis. The capsid-defective mutants Thr69-Ala and Trp82-Arg can be located along the two 3-fold symmetry axes. The Trp82-Arg mutant has been crystallized and its structure suggests that the substitution affects assembly probably by restricting conformational changes of a loop which are necessary for the virus to assemble (16) . The second class of capsid defective coat proteins comprise five mutations that cluster at the N-terminus of the coat protein. These mutations appear to affect three properties of the coat protein: translational efficiency, post-translational modification(s) and capsid assembly.
Ribosome access to the coat protein open reading frame can be affected due to the formation of a competing RNA secondary structure. This RNA structure includes the ribosome binding site, the initiation codon and the codons for amino acids 1-4 of the mature coat protein (Fig. 2b) . The introduction of a single-base mismatch could destabilize the hairpin and cause an increase in the rate of translational initiation, mimicking the stimulatory effect added by the native upstream sequence (29) . The increased expression levels of the mutants could facilitate their ability to effectively repress an infecting P22 challenge phage, but cannot fully account for the observed super-repressor phenotype of the mutants. The wild-type coat protein encoded by pR17coat(+) does not efficiently repress P22 R17 [A(-10)U] even under induced expression conditions (22) , suggesting that enhanced protein expression is an ineffective means of conferring a super-repressor phenotype. We anticipate that mutations located outside the coat protein coding sequence could be obtained that disrupt the hairpin structure and result in an increase in the synthesis of a wild-type protein. The fact that we did not isolate any mutants of this type indicates that specific amino acid substitutions are required for the super-repressor phenotype.
The alanine at position 1 in the mature coat protein is conserved among all RNA coliphage groups (15) . This study suggests that the complete removal of the initiator methionine from the N-terminus of the nascent coat protein is necessary for capsid assembly. Capsid assembly is compromised even for the Ala1-Val coat protein mutant where the initiator methionine is retained in a small percentage of the coat protein population. Incomplete N-terminal processing of the R17/MS2 coat protein results in a mixture of coat protein dimers with different N-termini. Examination of the crystal structure of MS2 suggests that retention of the N-terminal methionine may hinder phage capsid assembly by creating steric hindrance between N-termini of different coat dimers and by increasing the local hydrophobicity at the N-terminus. The conserved alanine at position 1 ensures efficient post-translational processing of the coat protein.
The enzyme that is responsible for the cleavage of the initiator methionine has been cloned and characterized from E.coli and S.typhimurium (33) (34) (35) . Previous studies of the substrate specificity of methionine-specific aminopeptidases predicted that substitutions of the Ala1 of the coat protein by any amino acid except glycine will affect post-translational processing by these enzymes (34, 35) . A genetic test of this prediction is hindered because the gene encoding the enzyme is essential (36) . Peptide sequencing of the coat mutants confirmed that only the substitutions at Ala1 of the coat protein block the cleavage of the initiator methionine. The degree to which the initiator methionine is retained on the various protein mutants also agrees with the proposed rules for N-terminal processing where N-terminal processing efficiency is inversely proportional to the length of the amino acid side chain that follows the f-Met (34, 35) . We cannot address whether Ala1 has a direct role in the capsid structure due to the fact that Ala1 is required for f-Met post-translational processing. Capsids may assemble from coat proteins that contain amino acids with charged or hydrophobic side chains at position 1 in the mature protein; however, an N-terminal Met processing enzyme with a relaxed penultimate residue specificity has not been identified to permit a test of this notion.
Another conserved feature found at the N-terminus of coliphage coat proteins is the presence of amino acids with hydrophilic side chains, such as lysine, serine and threonine at position 2. The semi-conserved nature of this residue position may be attributed to its role in stabilizing the capsid along a quasi-3-fold axis of symmetry where the N-termini of three dimers interact. The assembly properties of capsids carrying the Ser2-Phe mutation suggests that this substitution creates a steric hindrance at these interfaces. The N-terminus is solvent-exposed (30) and the hydrophilic status conferred by the serine at residue 2 also may be important for capsid assembly. Substitutions like Ser2-Phe or Ser2-Ile increase the hydrophobicity of the N-terminus of the coat protein and may partially explain their capsid assembly defects.
The substitutions in the N-terminal region of the coat protein mutants are limited to the first two amino acids. The super-repressor phenotype of the coat protein mutants indicate that they can assemble as dimers and interact with the RNA hairpin. No hydrogen bonds were identified between the first two N-terminal amino acids of one subunit and the C-terminus of the other subunit of dimers within the crystal structure (38) . Substitutions at amino acid positions 1 and 2 of the mature coat protein will probably not affect the intra-dimer interactions and allow the coat protein to form RNA-binding dimers. Coat protein N-terminal residues 3 and 4 interact directly with the C-terminus of the other monomer and substitutions at these two positions may disrupt these interactions and result in non-functional monomers. The deletion of the last two amino acids from the C-terminus resulted in a complete loss of repressor activity (17) .
We have not yet isolated any allele-specific coat protein suppressors that repress other P22 R17 [O c ] phages. This may be attributed to each S.typhimurium cell containing only one mutant coat gene that would yield a mutant homodimer whereas one may infer from the crystal structure of the coat protein bound to its RNA ligand that only mutant heterodimers may encode altered RNA-binding specificities (27) . Peabody and Lim have recently demonstrated intramolecular complementation for several modified MS2 genes that encode a duplicated open reading frame (38) . Single-chain coat protein dimer genes might enable the selection of coat proteins with allele-specific RNA-binding properties.
